Hybrids between Escherichia coli phage $80 and Salmonella typhimurium phage P22 were isolated after superinfection by P22 of a smooth E. coli-S, typhimurium hybrid lysogenic for $80. These hybrid phages, designated $80immP22 and $80immP22dis, possessed the $80 protein coat and tail genes. The $80immP22 hybrids acquired the immunity (immC) region of P22 and some adjacent P22 genes, but E. coli-S. typhimurium strains lysogenic for $80immP22 hybrids remained sensitive to P22. The $80immP22dis hybrids, found ten times more frequently than the $80immP22 hybrids, contained a more extensive portion of the P22 genome which encompassed the immI as well as the immC region of P22. Therefore, the $80immP22dis hybrids conferred on their hosts immunity to P22 infection. Further analyses have revealed that the $80immP22dis hybrids carry the P22 attachment region and either P22 tail gene 9 or antigen conversion gene al, but not both of these genes.
INTRODUCTION
We have previously reported the construction of an Escherichia coil-Salmonella typhimurium hybrid, designated WR4028, which is sensitive to both coliphage 2 and Salmonella phage P22. This strain, constructed by mating an E. coli K12 Hfr donor with an S. typhimurium recipient, has been characterized as an excellent host for achieving genetic recombination between 2 and P22 . Two broad classes of hybrid phages have been isolated. The 2immP22 hybrid class, which has the protein coat of 2, was found to contain at least the c region of P22 . Similar 2immP22 hybrids have been isolated by Botstein & Herskowitz (1974) using a different technique. The other hybrid class, termed P22imm2, has the protein coat of phage P22 and has inherited at least the c marker of 2 (Yamamoto et al., 1977) . Both of these hybrid classes were found in P22 phage stocks previously grown on a smooth WR4028 derivative which was lysogenic for 2 phage. Thus, recombination between P22 and 2 must occur during P22 replication in 2 lysogens.
We have now found that another coliphage, $80, is able to infect a rough derivative of WR4028, designated WR4027. First, $80 lysogens of WR4027 were isolated and these then reverted to yield smooth P22-sensitive strains. These strains provided suitable hosts for recombination between $80 and P22. By employing an approach similar to that previously used to select the 2immP22 hybrid class, we have now isolated and characterized $80immP22 hybrid phages.
METHODS
Bacteriophages. Coliphage q~80, Salmonella phage P22, and various mutant derivatives of P22 were used in the genetic characterization of dp80immP22 hybrids. Pertinent P22 markers are shown in Fig. 1 . Wild-type phage P22, hereafter designated P22c ÷, is temperate and produces turbid plaques. Three clear plaque mutants of P22c ÷ (cl, c2 and c3), altered in their ability to become prophages (Levine, t 957) , were employed in genetic analyses. P22cl and P22c2 behave like virulent phages, whereas the c3 mutant remains temperate, lysogenizing at a frequency lower than that of P22c ÷. Temperature-sensitive (ts) conditional lethal strains of P22 defective in DNA synthesis (genes 12 and 18), and plaque morphology mutants distinguishable on colour indicator agar, were Mso used for constructing hybrid pha_ges (Levine & Schott, 1971 ; Levine, 1957) . P22h21 produces a pale green plaque, whereas the presence of the wild-type h21 + marker results in a dark-green plaque. The m3 mutation in P22 results in plaques with a brown halo. P22 erfmutants, which lack an essential recombination function and do not replicate either in recombination-deficient (recA) strains or in DNA polymerase I-deficient (polA) hosts, and a P22 x mutant which cannot grow in polA hosts were also employed .
Bacterialstrains. E. coli-S, typhimurium hybrid strain WR4028 served as a host for P22 and various P22 mutants. Strain WR4028, however, is resistant to ~b80 because it does not adsorb this phage, as determined by adsorption experiments (Adams, 1959) . Strain WR4027 , which is rough and thereby resistant to P22, is sensitive to ¢k80. It was therefore used for isolation ofa ~b80 lysogen, WR4027(~b80), and as the selective indicator host for $80immP22 hybrids. A smooth, P22-sensitive WR4027(ckS0) derivative, designated NY4027(~bS()), was recovered by selecting for resistance to a series of rough-specific phages (Wilkinson et aL, 1972) . A potA derivative of WR4028, described in this paper, was used for the study of the erfand x genes of P22, and a polA derivative of WR4027 for characterization of the P22 markers in dp80immP22 hybrids. Media. Nutrient broth, consisting of 8 g Difco nutrient broth and 5 g sodium chloride per litre of distilled water was used for the preparation of phage lysates and bacterial cultures. For phage titrations, we used an agar base containing 23 g Difco nutrient agar and 5 g sodium chloride per litre with an overlayer of soft nutrient agar consisting of 7-5 g Difco Bacto-Agar, 5 g sodium chloride, and 8 g Difco nutrient broth per litre of distilled water. Colour indicator agar, containing 1% Bacto-Tryptone, 0.3 % yeast extract, 0.5 % sodium chloride, 1-5 ~ Difco Bacto-Agar, 0.6~ glucose, 0.006~ aniline blue and 0-02~ bromocresol purple (water-soluble) was used to distinguish the colour markers of P22. The dyes and sugar were autoclaved separately and added to the other components just before preparing agar plates. The pH of this medium was about 7-0. Soft nutrient agar was also used as an overlay on this colour indicator agar.
Preparation of P22phage stocks. Confluent-lysis plates were prepared by plating 4 x 105 or more p.f.u, of P22 on WR4028 or NY4027(~b80), using freshly prepared nutrient agar plates. After overnight incubation at 37 °C, the soft agar of the confluent lysis plate was scraped, suspended in 2.5 ml of buffered saline, incubated for 1 h at room temperature, and centrifuged for 15 min at 3000 rev/min. The supernatant contained at least 1011 p.f.u./ml.
Antiserum. Rabbit anti-P22 serum was prepared as described previously (Yamamoto & Anderson, 1961) . For the preparation of anti-S80 serum, rabbits were inoculated intramuscularly, in their hind legs, twice a week for 4 weeks. Each inoculum consisted of 4 ml of purified ~bS0 phage preparation containing 2 x 1011 particles per ml. Ten days after the final inoculation, the rabbit sera were collected and assayed for their neutralizing activity. Anti-P22 serum inactivated P22 with a rate constant, K, of 1150/min; anti%b80 serum inactivated ~b80 with a rate constant of 130/min.
RESULTS

Sensitivity of E. coli-S, typhimurium hybrid strains to Salmonella phage P22 and coliphage dp80
The sensitivity of S. typhimurium to phage P22 is dependent upon the presence of smooth somatic (O) antigens on the bacterial cell surface. P22 thus forms distinct plaques on E. coli-S. typhimurium hybrid WR4028, which is smooth, but does not form plaques on the rough derivative, WR4027. Coliphage 480 was found to form plaques on WR4027, but not on WR4028. It was possible to obtain a ~b80 lysogen of WR4027, WR4027(~b80), of which a smooth derivative, NY4027(~b80), was isolated. This smooth strain was sensitive to P22, as shown in Table 1 .
Isolation of hybrids between ok80 and P22
The availability of the two types of 480 lysogen, WR4027(tk80) which is resistant to P22, and its smooth derivative, NY4027(q~80) which is a sensitive host for P22 replication, provided an Hybrids" between c~80 and P22 
I R R R * S, Sensitive to phage growth (plaque formation); I, immune; R, resistant (no adsorption).
201 excellent system for isolating hybrids between P22 and ~b80. Phage P22 was found to grow well in NY4027(q~80). About 109 p.f.u, of these P22 lysates were then plated on WR4027(~b80). After overnight incubation, several small plaques were found. From our previous experience with the isolation of P221 (Yamamoto & Anderson, 1961) and 2immP22 hybrids , we considered these plaques to represent hybrid phages which grow on a host that is immune to q~80 and resistant to P22. Therefore, these hybrid phages (designated the dp80immP22 class) should have at least the tail fibres of ~b80 and at least the immunity (immC) region of P22. A number of these hybrids were cloned by plating on WR4027 three to four times to free them from P22 or t#80 phage particles.
Serological analysis of ck80immP22 class phages
As shown in Table 2 , rabbit antiserum against P22 inactivated P22 with a rate constant of 1150/min, but showed no effect on infectivity of ~b80 or dp80immP22. Antiserum against ~b80 inactivated not only ~b80 but also ck80immP22 class phages with about the same rate constant of 130/min and, as expected, anti-~80 serum showed no effect on P22 infectivity. These data indicate that at least the tail antigens responsible for adsorption of dp80immP22 class phages were serologically characteristic of those of t#80. Due to this antigenic structure and a capacity to plate on P22-resistant derivatives of ~b80 lysogens, it is likely that dp80immP22 class phages are hybrids between P22 and ~b80.
Immunity relationships between P22 and the dp80immP22 hybrids
After WR4027 was lysogenized with various strains of dp80immP22, smooth derivatives of WR4027(q~80immP22) strains, designated NY4027(dp80immP22), were isolated by superinfection with a mixture of rough-specific phages. These lysogens were scored for their immunity to phage P22. As shown in Table 3 , hybrids between 4~80 and P22 could be divided into two groups with respect to their immunity relationships with P22 phage. The first group was the dp80immP22 hybrid type which carried the immC region, but not immI of P22, and whose lysogens were susceptible to P22 infection. The second group was the dp80immP22dis hybrid type which conferred to the host an immunity to P22 infection, indicating that this hybrid type carried the P22immI region as well as the immC region of P22. The ~b80immP22dis hybrids occurred approximately ten times more frequently than the ~b80immP22 hybrids. 
Genetic homology between dp80immP22 hybrids and P22: P22 genes found in d~80immP22 hybrids
Although plaques of dpSOimmP22 hybrids on WR4027(4~80) were small, it was evident that the c markers of (o80immP22 hybrids mimicked those of the P22 strain employed in preparing lysates on NY4027(~bS0). For example, when a wild-type P22c + strain was used for infection, the resultant 4)80immP22 hybrids were found to exhibit turbid plaques. In contrast, infection with the cl, c2 and c3 clear plaque mutants of P22 resulted in dp80immP22 hybrids which expressed the corresponding degrees of clearness typical of the P22 mutant employed. These findings thus indicate that the #)80immP22 hybrids contained the c locus of phage P22.
Previous studies (Levine & Schott, 1971 ) have positioned the genes 12 and 18 of P22 to the right of the c region (Fig. 1) . Since genes 12 and 18 of P22 function in phage DNA replication, we next attempted to isolate 4a80immP22 hybrids which had inherited these genes. NY4027(4~80) was superinfected at 25 °C with a P22 mutant carrying the ts phenotype for genes 12 or 18. c~80immP22 hybrids, selected for the inheritance of the c marker of P22, were recovered by plating at 25 °C on the rough strain WR4027(q~80) and were then cloned on WR4027. Such d~80immP22 isolates were scored for inheritance of the ts12 and ts18 phenotypes by determining whether they could replicate at 40 °C. All dp80immP22 hybrid clones so far tested have been found to be ts, suggesting that the DNA replication genes of q~80 were not retained, but had been replaced by a P22 chromosomal segment containing genes 12 and I8.
Similarly, c#80immP22 hybrid clones were also recovered from crosses in which superinfecting P22 phage with mutations in err or x were employed. The presence of these markers in d~80immP22 hybrids was established by determining whether or not they were able to grow on a Hybrids between q~80 and P22 203 polA derivative of strain WR4027. ck80immP22 hybrid clones selected for the inheritance of the c marker of P22 after superinfecting NY4027(q~80) with either P22erf or P22x mutants were unable to grow in the polA host, thus indicating inheritance of the erf-x P22 chromosomal segment. In addition, 25 ~80imm22 hybrid clones were recovered from crosses in which the superinfecting P22 phage expressed the ts phenotypes of genes erfor x. The presence of these markers in the hybrid phages was established by testing for the ability to grow on a polA host at 40 °C. All 25 of these hybrid phages were unable to grow at the restrictive temperature, thus again indicating the inheritance of the erf-x chromosomal segment of P22.
Due to the small plaque size of q~80immP22 hybrids, inheritance of the P22 colour indicator markers h21 and m3 could not be easily demonstrated on indicator agar. The presence of these markers in d~80immP22 hybrid type therefore was established by backcrosses with P22 colour indicator mutants. We backcrossed the dp80immP22 hybrids by superinfecting NY-4027(q~80immP22) with h21 or m3 mutants of P22 in marker rescue experiments similar to those previously described (Yamamoto, 1969) . The resulting P22 lysates were then scored for the rescue of the wild-type colour indicator markers, h21 + or m3 ÷, from the c~80immP22 hybrid type strains by plating on WR4028 using colour indicator agar. The results of this analysis established that the h21 gene was inherited by about 50 ~ of the 4~80immP22 hybrids. None of these hybrids carried the m3 gene.
Moreover, none of the ts and amber mutants in the P22 late genes tested were inherited by q~80immP22 hybrids. Rescue experiments, performed by superinfecting NY4027 (4~80immP22) with these P22 conditional mutants, established that the P22 late genes were not present. These results suggest that the structural proteins of qb80immP22 hybrid were derived from ~b80.
In the case of ~b80immP22dis hybrids, the inheritance of P22 colour indicator markers and the P22 late genes could not be tested by marker rescue because their lysogens were immune to P22
infection. By performing crosses between ~b80 and P22am7, having a mutation adjacent to the h21 gene, we found that over 30 ~ of both the ~80immP22 and 4~80immP22dis hybrid types were unable to grow on suppressor-negative strains, indicating the inheritance of the am7 gene. This result suggested that 4~80immP22dis hybrids also obtained the h21 gene of P22 at a frequency similar to that occurring with qb80immP22 hybrids. From these results, we conclude that the ~80immP22 hybrids have a P22 early segment containing at least the erf-x-immC-12 region, whereas ck80immP22dis hybrids carry a larger P22 segment which also includes the immI region. The length of P22 DNA in a few selected qb80immP22 hybrid clones was estimated by backcross experiments performed between these hybrids and various P22 derivatives. This approach has been employed previously in studies of other phage hybrids (Yamamoto & Weir, 1966; Yamamoto, 1978) . The frequency of recombination between various markers was determined by superinfection of NY4027(q~80immP22c +) with P22c2ts12 and plating on WR4028 to select P22 recombinants. In these analyses, all recombinants were assumed to be the result of double crossovers in the region of P22 homology. Moreover, it was assumed that the frequencies of recombination were proportional to the products of the lengths of the two segments in which crossover events had occurred. The extent of P22 DNA in 4~80immP22
hybrids, as inferred from such recombination data, is shown in Fig. 1 .
Chromosomal insertion site of 498OimmP22dis hybrid
The q~80 attachment region is homologous with a site located near the tryptophan locus on the host chromosome of E. coli K 12 (Matsushiro, 1961) . ~b80 is a specialized transducing phage and high frequency transducing lysates for the tryptophan genes can be obtained (Matsushiro, 1961) . In contrast, P22 functions as a generalized transducing phage whose attachment region is homologous to a host chromosomal segment near the proA proB loci, although specialized transduction of this region can also occur (Roth & Hoppe, 1972) . As a consequence of this difference in chromosomal attachment sites, we next sought to determine whether c~80immP22dis hybrid type carries the attP22 or the att~80 region. For this purpose, we first prepared lysogens of two independent q580immP22dis hybrids in aproA proB deletion strain of E. coli K12 carrying the plasmid F-lac÷pro+attP22. After overnight culture of these lysogens in nutrient broth, cells were plated on MacConkey agar containing 0-1 ~ lactose, for isolation of * The P22 head donor preparation was prepared by growing P22ts9.1 (tail-less mutant) on S. typhimurium strain Q 1 at 41 °C for 1 h. A 0.1 ml amount of a Millipore-filtered lysate was added to 0.2 ml of a ch80immP22dis lysate, incubated for 60 min at 37 °C and assayed on P22 indicator strain Q.
lac-segregants which had lost the plasmid. We purified six segregants of (p80immP22dis lysogens and found that they were all non-lysogenic. Therefore, we conclude that dp80immP22dis prophage had inserted into the attP22 site present on the plasmid rather than into the attdp80 chromosomal site near the tryptophan region.
Presence of antigen conversion gene al and tail gene 9 of P22 in qb80immP22dis hybrids
Since P22 tail component gene 9 and somatic antigen conversion gene al are located between the c and immI genes of P22, we employed methods described previously to examine whether c~80immP22dis hybrids carried these genes . For somatic antigen O-1 conversion of the host, various independent isolates of (a80immP22dis hybrids were used to lysogenize WR4027. Such lysogens and their smooth derivatives were examined in slide agglutination tests using single factor O-1 antiserum. To determine whether or not tail gene 9 of P22 was expressed during c~80immP22dis replication, we employed the in vitro self-assembly method described by Israel et al. (1967) . Tail-less P22 heads were prepared by culturing S. typhimurium strain Q infected with P22ts9 at an elevated temperature (40 °C) for 1 h. Such heads contained the entire P22 genome and could be made into infective particles by adding functional P22 tails. When the P22 head preparation was added to a lysate of dp80immP22dis, incubated for 1 h and then plated on S. typhimurium strain Q at 25 °C, a 30000-fold increased plaque-forming activity was observed. These observations establish that tail gene 9 of P22 is expressed during replication of dp80immP22dis hybrids, although the protein coat and tail of this hybrid phage are those of ~b80. Examples of the self-assembly assays are shown in Table 4 . Of 40 (a80immP22dis hybrids examined, 24 were found to carry gene 9, but not gene al, whereas the remaining (a80immP22dis hybrids carry gene al, but not gene 9 (Fig. 1) . None of the (~80immP22dis hybrids, however, was found to contain both the P22 genes 9 and al. These observations suggest that the ch80immP22dis hybrid was formed as a consequence of multiple crossovers. DISCUSSION We have specifically selected hybrids carrying the ~b80 host range specificity and the P22 immunity region by plating on a P22-resistant strain lysogenic for ~b80. These hybrids are divided into two types, dp80immP22 and qb80immP22dis, on the basis of their inheritance of one or both of the P22 immunity regions.
For formation of c~80immP22dis type hybrids, both immunity regions (immC and immI) of P22 were found to replace the segment extending from the tk80 c locus to the inert regions. Unlike 2immP22dis hybrids which carry both P22 genes 9 and al , the ~p80immP22dis hybrids carry either gene 9 or gene al (Fig. 1) . Both 2 and 480 phage genomes contain physically corresponding and functionally similar genes and both genomes carry genetically inert DNA segments located between their respective att and tail (J') genes (Fiandt et al., 1971) . However, the entire physical length of the q~80 phage genome is about 92~ of the size of the 2 and P22 phage genomes, and the difference seems to be a reflection of differences in sizes of their inert segments, q~80 carries an inert DNA segment smaller than that of 2 (Fiandt et al., 1971) . We have concluded that in ~b80 the inert segment is too small to accommodate both gene 9 and al of P22 simultaneously. This conclusion is supported by the fact that none of the large number of dp80immP22dis hybrids isolated was found to contain both of these loci. This agrees with our previous suggestion that the formation of hybrids between phage species is a consequence of multiple crossovers.
The regulation of expression of the clusters of genes arising from the different phages is of particular interest here because these hybrid genomes are composed of DNA segments derived from the evolutionarily diverse phages q~80 and P22. It has been well established that gene expression of phages 2, tk80 and P22 is efficiently controlled (Herskowitz & Hagen, 1980; Lozeron & Szybalski, 1969; Susskind & Botstein, 1978) . Since both the c~80immP22 and c~80immP22dis hybrid types grow well, the early genes of P22 in these hybrids are able to control the late gene expression of q~80. It is interesting to note, however, that the P22 gene 9 is expressed in the ck80immP22dis hybrid but is dispensable. Thus, P22 tails are efficiently produced even though not used as a component part of the mature hybrid phage particles. We anticipate that these hybrid phages will be useful in further studies of phage replication and gene control mechanisms. 
